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Available online 21 August 2010AbstractWe present the results of scintillation studies based on the data obtained during the first winter-phase Indian Arctic Expedition in
March 2008 at the Indian Himadri Station, Ny-A˚lesund (78.9N, 11.9E), in the vicinity of the daytime cusp and under the nightside
polar cap. A global-positioning-system ionospheric scintillation and TEC monitor (GISTM) receiver (model GSV4004A) was used
to record scintillations and the total electron content (TEC). The polar ionosphere is more sensitive to phase than to amplitude
scintillations. Occurrence of amplitude scintillation is confined to well-defined regions, while phase scintillation shows a strong
characterization both in magnetic latitude and magnetic local time. Occurrence of amplitude and phase scintillation increases
during disturbed compared with quiet days. During disturbed days, the phase-scintillation region is displaced towards lower
latitudes, following the auroral oval. The observed noon peak in scintillation occurrence may indicate that the irregularities that
generate scintillation are caused by precipitation in the daytime cusp/cleft region. A significant enhancement of the TEC and the
rate of change of the TEC index (ROTI) signified transits of polar-cap patches across different satellite trajectories during
geomagnetic storms. We found that patches are most likely to occur when IMF Bz is southward and/or Kp> 4. Loss of signal lock
was more for the L2 signal than for L1, and shows a maximum in the morning sector. Positional errors tend to increase during
disturbed conditions.
 2010 Elsevier B.V. and NIPR. All rights reserved.
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Ionospheric studies have been carried out in the
Indian region for the past three decades, using data from
ionosondes and other instruments. For several years,
such studies have also been carried out using global-
positioning-system (GPS) ionospheric scintillation and* Corresponding author. Tel.: þ91 755 2491822; fax: þ91 755
2491823.
E-mail address: sslakg@gmail.com (A.K. Gwal).
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doi:10.1016/j.polar.2010.08.001TEC monitors (GISTMs), in conjunction with appro-
priate software package for investigating ionospheric
phenomena, inMaitri, Antarctica, and the Indian region.
This is the first time that India has participated in space-
weather studies in the Arctic region. Scintillation, total
electron content (TEC), and positional data were
recorded in March 2008 at the Arctic Indian Station
(Himadri) at Ny-A˚lesund (78.9N, 11.9E; corrected
geomagnetic coordinates: 75.7N, 113.8E) on Svalbard
(Norway), a station in the vicinity of the daytime cusp
and under the polar cap on the nightside. With GPSreserved.
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both the higher and lower latitudes than that of the
receiver station. As a result, GPS observations from this
station may pertain to the subauroral, auroral, and polar-
cap regions, confirming that the station is a suitable site
for ionospheric studies.
At polar and auroral latitudes, ionospheric irregular-
ities of different scales are common. This produces
scintillations that may last from a few minutes to many
hours, andwhich are not limited to the local late-evening
hours, as in the case of near-equatorial regions. These
irregularities can change the TEC concentration, which
in turnmay lead to a change in the refractive index of the
ionospheric medium. This affects radio-signal propa-
gation through the ionosphere. These irregularities can
produce short-term phase and amplitude fluctuations in
radio-wave signals and are generally known as ampli-
tude and phase scintillations.Under these conditions, the
power of GPS satellite signals fades rapidly (Aarons and
Basu, 1994), potentially causing data loss in satellite-
communication links (Basu et al., 1995), which in turn
may affect navigational accuracy and tracking perfor-
mance (Skone, 2000).
Many researchers have discussed the correlation
between Kp and the occurrence of ionospheric scintilla-
tion (e.g., Doherty et al., 2000; Skone et al., 2001).
Occurrence of scintillation at high latitudes is related to
auroral oval, cusp, and polar-cap patches (Aarons, 1997;
Kersley et al., 1995; Krankowski et al., 2006; Weber
et al., 1986). Polar-cap patches are large regions of
enhanced F-region plasma density. They are typically of
the order of 100e1000 km in horizontal extent and travel
at 300e900m s1 (Rodger et al., 1994).Basu et al. (1998)
measured their horizontal drift at about 600 m s1 using
a digisonde at Ny-A˚lesund during low solar activity in the
period 10e11 January 1997, and found that, on average,
an increase of the TECby approximately 2TECunitswas
associated with patch durations of w30 min. By
combining the duration and drift of the patches, they
obtained a horizontal patch dimension of approximately
1080 km.
Krankowski et al. (2006) showed the occurrence of
polar-cap patches using GPS observations in the
Southern Hemisphere during a high-solar-activity
period (in 2001) and found that the patches were asso-
ciated with deep TEC fluctuations (with TEC enhance-
ments that were 2e10 times larger than the background
in approximately 5e10 min). They evaluated the
number of such patches by counting the peaks in TEC
enhancement along single satellite trajectories and
observed four to eight patches of different intensity. The
rate of TEC index (ROTI)was used as ameasure of patchintensity. In the present study, we adopted a similar
approach to that of Basu et al. (1998) for polar-patch
evidence, and we follow Krankowski et al. (2006) to
derive the number of such patches along a satellite pass.
During the Arctic expedition at Ny-A˚lesund, we
used a GPS ionospheric scintillation and TEC monitor
(GISTM, model GSV4004A) for ionospheric
measurements. The GISTM system consisted of
a NovAtel OEM4 dual-frequency GPS receiver and
a low-phase-noise oven-controlled crystal oscillator
(OCXO), required for monitoring phase scintillations.
The GPS receiver system can track up to 11 GPS
signals at both the L1 and L2 frequencies (1575.42 and
1227.6 MHz, respectively). It measures phase and
amplitude (at a rate of 50 Hz), and code/carrier
divergence (at 1 Hz) for each satellite being tracked at
L1 and computes the TEC from the combined L1 and
L2 pseudorange and carrier-phase measurements. The
GISTM, in conjunction with the relevant software
package, automatically computes and logs the ampli-
tude scintillation index (S4) every 1 min and phase
scintillation index sf over intervals of 1, 3, 10, 30, and
60 s. The TEC and TEC rates are also logged every
15 s. In this paper, we focus on the percentage
occurrence of amplitude and phase scintillations, and
storm-time TEC fluctuations in the Arctic region.2. Data and method of analysis
The data were recorded for TEC, scintillation, and
GPS positioning from 7 to 27 March 2008. During this
period, moderate geomagnetic storms occurred on 9
and 26e27 March 2008. We analyze ionospheric data
for satellite elevations greater than 20 to eliminate
multipath errors.
Amplitude scintillation is measured using the S4
index, which is defined as the standard deviation of the
received signal power normalized to the average signal
power. The S4 index is computed over 60-s intervals.
Since it is affected by ambient noise, two related
indices are recorded by the GISTM; i.e., the total S4
(S4,tot) and the correction required (S4,cor). The cor-
rected S4 (ambient-noise free; herein, we refer to the S4
index as S4) is then calculated as
ðS4Þ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðS4Þ2tot  ðS4Þ2cor
q
ð1Þ
We consider S4 > 0.25. Phase measurements are
obtained by monitoring the standard deviation,
(sf ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hdf2i  hdfi2
q
), as well as the power spectral
density of the detrended carrier phase of the signal
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phase is achieved by first passing the raw 50 Hz phase
measurements through a sixth-order high-pass Butter-
worth filter. This removes all low-frequency effects
below its cut-off of 0.1 Hz (Van Dierendonck et al.,
1996). The standard deviation of these phase varia-
tions is denoted by sf and is computed over intervals of
1, 3, 10, 30, and 60 s. We used 60 s interval sf in our
analysis. The value of sf can vary from 0.05 radians for
very weak scintillation to 1.0 radian for strong scintil-
lation. We constructed maps showing the percentage of
occurrence of the scintillation indices as a function of
magnetic latitude (MLat) versus day of the month, and
MLat versus magnetic local time (MLT); i.e., similar to
the maps constructed by Spogli et al. (2009). The
percentage of occurrence is evaluated for each bin of 1
day  2 MLat and 2 h MLT  2 MLat, as follows:
NðS4 or sf > thresholdÞ
Ntot
ð2Þ
whereN(S4 orsf> threshold) is the number of data points
corresponding to a scintillation index above a given
threshold, while Ntot is the total number of data points in
the bin. The selected thresholds are 0.2 radians for sf and
0.25 for S4. For our scintillation studies, the satellites’
elevationangles greater than35 are taken into account.To
investigate the ionospheric regions that are more signifi-
cantly affected by scintillation, we superimposed the
average positions of the Feldstein auroral ovals for quiet
(IQ ¼ 3) and disturbed (IQ ¼ 6) geomagnetic conditions
(Feldstein, 1963; Holzworth and Meng, 1975) on the
scintillation-occurrence maps. Herein, we refer to these
two ovals as quiet (IQ¼ 3) and disturbed ovals (IQ¼ 6).
GPS satellites transmit pseudonoise signals at two
carrier frequencies, from which the ionospheric group
delay (which is proportional to the absolute TEC) can be
measured (Manju et al., 2009; Weber et al., 1986). TEC
is a measure of the number of electrons in a vertical
column with a cross-section of 1 m2 that extends from
the GPS satellite to the receiver; it is reported in TEC
units (1 TECU¼ 1 1016 electronsm2). The number is
proportional to the ionospheric delay between theL1 and
L2 signals, and is calculated as
TEC¼ ½9:483 ðPRL2PRL1ÞþTECRX
þTECCALTECU ð3Þ
where PRL1 and PRL2 are the L1 and L2 pseudoranges
in meters, TECRx is the nominal L1/L2 receiver delay
(converted to TECU and hard-coded as a database
parameter), and TECCAL represents the bias-errorcorrection, which depends on the respective satel-
liteereceiver pair.
In the present study, the receiver part of the bias is
corrected by adopting the value of 1.684 TECU supplied
by the manufacturer based on calibration of the receiver
against the Wide Area Augmentation System (WAAS).
The TEC is also corrected for satellite interfrequency
biases (transmitter group delay) but not for the satellite
C/A-to-P biases (NovAtel, 2003). These satellite C/A-to-
P bias errors must be eliminated during post-processing.
There is a considerable evidence indicating that satellite
biases can be quite stable, or exhibit very gradual drifts,
over periods of several months (Coco et al., 1991; Sardo´n
et al., 1994; Sardo´n and Zarraoa, 1997; Wilson and
Mannucci, 1994). Therefore, these errors do not pose
any serious threat to shorter-period studies; e.g., of about
1 week. Here, we compared storm-time TEC with quiet-
time TEC during nearby periods; these errors have not
been removed completely (Jain et al., 2010).
The GPS-derived TEC (GPS-TEC) is the slant TEC
(STEC), which can be converted to the vertical TEC
(VTEC) by assuming the ionospheric penetration point
(IPP) of the satellite ray path based on the ionospheric
thin-shell approximation at a height of 400 km from
the Earth’s surface, using
VTEC¼ coscSTEC ð4Þ
where c is the angle of incidence at 400 km altitude of
the GPS ray trace from the satellite to the ground
receiver, and cosc is an oblique factor defined as
follows (Jakowski, 1996):
cosc¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1

RE:cosðeÞ
RE þHiono
2s
ð5Þ
where RE is the radius of the Earth, e is the satellite’s
elevation angle, andHiono is the height of the IPP (usually
assumed at 400 km). To detect the presence of an
irregularity and its size, phase fluctuations or the rate of
change of TEC (ROT) are generally measured in TECU/
min (Aarons and Lin, 1999; Krankowski et al., 2006). To
detect irregularities and their strength, we used ROTI for
5-min intervals, as suggested by Pi et al. (1997). ROTI is
based on the standard deviation of ROT; i.e.,
ROTI ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ROT2
 hROTi2q ð6Þ
3. Observations
Figs. 1 and 2 show contours of the percentage of
occurrence for the amplitude- and phase- scintillation
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respectively, for the entire observation period. The
left-hand plots show the occurrence of the amplitude
scintillation index (S4), while the right-hand plots
show the same for the phase scintillation index sf. In
Fig. 2, scintillation-occurrence maps are overlain on
the Feldstein quiet (gray) and disturbed (red) auroral
ovals. Both Figs. 1 and 2 highlight that the polar
regions are much more sensitive to signal phase
scintillation than to amplitude scintillation (w7%
versus w0.25% of the peak occurrence, respectively),
consistent with previous results (e.g., Doherty et al.,
2000; Li et al., 2010; Spogli et al., 2009, and refer-
ences therein). The general behavior of the two
indices is significantly different: the S4 map seems
confined to well-defined regions, while the sf map
shows a strong characterization in both MLat and
MLT.
Our observations are similar to those of Spogli et al.
(2009) for the same location (Ny-A˚lesund). In general,
the diurnal variation of the phase-scintillation occur-
rence is characterized by a higher occurrence during
the 0900e1300, 1800e2000, and 2300e2400 MLT
sectors at Ny-A˚lesund. These observations are similar
to the results presented by Kersley et al. (1995) and Li
et al. (2010). Out of the 21 days of the observation
period, S4 occurred during 11 days, while sf occurred
during 19 days. It is clear from Fig. 1 that both the S4
and sf indices exhibit higher occurrences on the most
disturbed days (9 and 27 March 2008) compared with
other days.Fig. 1. Maps of the percentage occurrence of amplitude scintillation (left-
2008. Note that the scale is different for the two plots.4. Amplitude scintillation (AS)
Amplitude scintillations are caused by irregularities
ranging from the Fresnel dimension to a dimension that
is smaller by approximately a decade, corresponding to
a range from several hundred meters to a kilometer
(Aarons, 1997; Basu et al., 1998). Fig. 3 shows maps of
the percentage S4 occurrence of quiet and disturbed
days based on analysis of the Feldstein auroral ovals. It
is evident that the S4 occurrence is confined to a limited
area (w75e78N), as expected because of the influ-
ence of small-scale irregularities. In Fig. 3, two MLT
regions are evident in both cases, one at around 1100
and the other around 2200 MLT hrs (w76e78N).
The percentage of occurrence increased on disturbed
days from 0.27% to 0.45%. It is clear that S4 is
enhanced around both noon and magnetic midnight.
We did not find any correlation between the occurrence
of amplitude scintillation and magnetic activity.
4.1. Phase scintillation (PS)
Phase scintillations in the L band are caused mainly
by ionospheric irregularities that are hundreds of
meters to hundreds of kilometers across (Basu et al.,
1998). Fig. 4 shows maps of the sf percentage
occurrence for quiet and disturbed days for the entire
observation period. For quiet days, three MLT regions
are evident: one around magnetic noon and the other
two around 1400 and 1600 MLT hrs. Similarly, for
disturbed days, two MLT regions are prominent: athand panel) and phase scintillation (right-hand panel) during March
Fig. 2. Maps of the percentage occurrence of amplitude scintillation (left-hand panel) and phase scintillation (right-hand panel) as a function of
magnetic local time (MLT). Maps are overlain with the Feldstein quiet (gray) and disturbed (red) auroral ovals. Note that the scale is different for
the two plots [IQ e an index for auroral activity].
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days, the occurrence is generally higher than on quiet
days, and the scintillation regions shift to lower
magnetic latitudes. This shift is due to the displace-
ment of the auroral oval under disturbed conditions, as
shown by the oval curves. This was also found by
Rodrigues et al. (2004) and Spogli et al. (2009) for the
same region.
The MLT characterization of Fig. 4 can be
explained by the positions of the oval boundaries. In
fact, the scintillation occurrence peaks at noon aroundFig. 3. Maps of the percentage occurrence of amplitude scintillation for qu
overlain with the Feldstein quiet (IQ ¼ 3; gray) and disturbed (IQ ¼ 6; rethe pole- and equatorward boundaries of the oval for
both quiet and disturbed ovals. Occurrence of sf is
present at all MLTs, with a significant occurrence
between 0600 and 2200 MLT; i.e., the morning to
evening sector covering the dayside auroral oval and
cusp regions. For quiet periods, the respective sf
occurrence peaks around magnetic noon (w3%), while
a second significant occurrence (w2%) is seen in the
post-noon sector. The observed maximum scintillation
occurrence around noon might indicate that the irreg-
ularities that generate scintillation are caused byiet (left-hand panel) and disturbed days (right-hand panel). Maps are
d) auroral ovals.
Fig. 4. Maps of the percentage occurrence of phase scintillation for quiet (left-hand panel) and disturbed days (right-hand panel). Maps are
overlain with the Feldstein quiet (IQ ¼ 3; gray) and disturbed (IQ ¼ 6; red) auroral ovals.
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scintillation is mainly due to electron-density gradi-
ents (polar-patch structures), which would explain the
statistical behavior shown in the sf maps (Fig. 4).
The fraction of occurrence of sf > 0.4 radians is
shown in Fig. 5. A moderate to strong level of sf
occurred during 14 of the 21 days of our observations. It
increased during disturbed days, while sf peaks (e1.6%)
around 1900 MLT hrs atw74 MLat. A second signif-
icant occurrence is observed around magnetic noon at
w71e78 MLat. Occurrence of sf > 0.4 reaches
a maximum around the equatorward boundary of the
dayside auroral oval, as well as around the polewardFig. 5. Maps of the percentage occurrence of phase scintillation for sf > 0.4
calendar day (left-hand panel) and MLT (right-hand panel). The right-hand
(IQ ¼ 6; red) auroral ovals.boundaries of the auroral oval on the nightside.
However, there is a little contribution of moderate and
strong scintillation to the total fractional occurrence. PS
occurrence is generally low for quiet days (S Kp < 24).
The percentage occurrence of sf increased by factors of
5 or 6 during geomagnetically disturbed days compared
with quiet days. The enhanced scintillation occurrence
during disturbed days indicates its dependence on
magnetic activity. The higher values of sf compared
with S4 are occurred because sf increases with both
increasing dN/N and the velocity, V km/s, of the irregu-
larities. Sincewe use 60 s intervals for sfmeasurements,
the largest irregularity scalelength contributing to sf isradians (moderate level of scintillation activity) as a function of both
map is overlain with the Feldstein quiet (IQ ¼ 3; gray) and disturbed
Fig. 6. Kp index for the observation period in March 2008.
Fig. 8. VTEC contours from 0200 to 0600 UT on 9 March 2008.
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power spectral density (PSD) of 60Vkmscalelengthwill
be higher as V increases. In contrast, S4 is dictated by the
Fresnel scale, which is about 400 m. Since the PSD at
40 km is much larger than that at 400 m, sf will also be
much larger.
4.2. Storm on 9 March 2008
The first geomagnetic storm during the observation
period occurred between 0130 and 0600 UT on 9Fig. 7. Left-hand panel: TEC variations along the satellite passes of PRN #
a quiet day, 7 March (--, black line). The satellite paths are shown as a thick
(MLT) and magnetic latitudes of the satellite path, respectively; Right-ha
PRN #31 (top) and PRN #30 (bottom) on 9 March (-*, brown line) and onMarch 2008. The IMF Bz was southward from 0000 to
0130 UT and it subsequently fluctuated north- and
southward within the range from þ15 to 9 nT until
0600 UT. The Kp index (6
) shows a moderate
geomagnetic storm (see Fig. 6). Many authors have
reported that polar patches occur more frequently when
either the IMF Bz is southward or Kp > 4 (e.g., Prikryl
et al., 1999, and references therein; Rodger et al.,
1994). Polar patches of high electron-density produce
scintillation in the signal, and large enhancements in31 (top) and PRN #30 (bottom) on 9 March (-*, brown line) and on
line. The top abscissa and right ordinate show the magnetic local time
nd panel: Rate of TEC Index (ROTI) in TECU/5 min variations for
a quiet day, 7 March (--, black line).
Fig. 9. Amplitude scintillation (S4, top panel) and phase scintillation (sf, bottompanel) on 9March 2008 for all visible satellites from0200 to 0500UT.
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the VTEC (brown line) of the individual satellite
passes for satellites PRN #30 and PRN #31 are shown
during the period from 0100 to 0500 UT along with the
quiet day (7 March 2008) VTEC (black line). Fig. 7
also shows the satellite path (thick line) as a function
of MLat (right-hand ordinate) and MLT (top abscissa)
for the IPP at a height of 400 km. The increase in TEC
of approximately 5e10 TECU relative to that on quiet
days, along with the alternate increase and decrease of
the TEC, signifies transits of polar-cap patches across
the GPS propagation path (Basu et al., 1998).Fig. 10. Lock periods of the L1 and L2 signalsThe number of such patches can be derived by
counting the TEC peaks along a single satellite pass
(Krankowski et al., 2006). From Fig. 7 (top left-hand
panel), it is clear that 4e8 patches were observed along
a single satellite pass from 0100 to 0500 UT. The
durations of the patches were approximately
5e15 min. Assuming a drift of the patches of around
600 m s1, as measured by Basu et al. (1998) for
Ny-Alesund by digisonde for a similar, low-solar-
activity period, the horizontal dimension of the patches
is around 180e540 km. On 9 March 2008, the ROTI
during the disturbed period (0300e0400 UT) wasfor PRN #30 and #31 on 9 March 2008.
Fig. 11. Left-hand panel: TEC variations along the satellite passes of PRN #6 (top) and PRN #16 (bottom) on 26 March (-*, brown line) and on
a quiet day, 25 March (--, black line). The satellite paths are shown as a thick line. The top abscissa and right ordinate show the magnetic local
time (MLT) and magnetic latitudes of the satellite path, respectively; Right-hand panel: Rate of TEC Index (ROTI) in TECU/5 min variations for
PRN #6 (top) and PRN #16 (bottom) on 26 March (-*, brown line) and on a quiet day, 25 March (--, black line).
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intensities of the patches were moderate (Krankowski
et al., 2006) in the region from w73 to 77N MLat
between 0626 and 0707 MLT for PRN #31 (Fig. 7,Fig. 12. Amplitude scintillation (S4, top panel) and phase scintillation (sf, b
1200 UT.right-hand panel). It is clear from Fig. 7 that for
PRN #30, MLat ranges between w75 and 68
(w0515e0621 MLT). The VTEC map (Fig. 8) for the
period from 0200 to 0600 UT also shows that theottom panel) on 27 March 2008 for all visible satellites from 0000 to
Fig. 13. Left-hand panel: TEC variations along the satellite passes of PRN #21 (top) and PRN #24 (bottom) on 27 March (-*, brown line) and on
a quiet day, 25 March (--, black line). The satellite paths are shown as a thick line. The top abscissa and right-hand ordinate represent the magnetic
local time (MLT) and magnetic latitudes of the satellite path, respectively; Right-hand panel: Rate of TEC Index (ROTI) in TECU/5 min
variations for PRN #21 (top) and PRN #24 (bottom) on 27 March (-*, brown line) and on a quiet day, 25 March (--, black line).
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MLat and w0515e0700 MLT. These observations
suggest that large-scale, moderate-intensity patches
developed during the storm in the polar-cap region,
especially in the morning sector.Fig. 14. Example of L1 and L2 signalFrom 0300 to 0400 UT, an increase in sf was
observed for most of the satellites, with significant
variations in PRN #31 (w0.78), #30 (w0.6), #2
(w0.59), and #29 (w0.42) (see Fig. 9, bottom panel).
We attribute these phase scintillations to polar-caploss of lock during a quiet day.
Fig. 15. Positional error points for the period from 0400 to 0700 UT during a magnetic-storm day (27 March, left-hand panel) and a quiet day (24
March, right-hand panel). Red dots shows the location of the receiver.
584 A.K. Gwal, A. Jain / Polar Science 4 (2011) 574e587patches along the satellite paths, as large plasma drifts
allow the irregularity scalelength to contribute to sf.
For a power-law irregularity spectrum, a large irregu-
larity wavelength will greatly enhance the sf values.
This is a clear example of a positive correlation of the
phase scintillation with magnetic activity in polar and
auroral regions.
The contours of the VTEC (see Fig. 8) show that the
irregularity drifted from 72 to 70N in a w30-min
span (from 0550 to 0620 MLT), suggesting that these
scintillations were due to large-scale polar patches.
The amplitude scintillation S4 also showed a slight
variation between 0300 and 0500 UT, but at a level
below 0.2 (see Fig. 9, top panel). Loss of signal lock
occurred for PRNs #30 and #31 for a total of 3 and 4
times, respectively, for the L2 signal during the
disturbed period (from 0600 to 0650 MLT), as is
clearly shown by the broken line in the path of satel-
lites (Fig. 7, left-hand panel). A clear picture of a loss
of lock is shown in Fig. 10, where we plot the lock time
of the L1 and L2 signals for PRNs #30 and #31. Loss
of L2-signal lock also occurred in other PRNs,
particularly #2, #4, #5, #12, and #29 (not shown)
during the disturbed period.
4.3. Storm on 26e27 March 2008
The second geomagnetic storm started around 0600
UT on 26 March 2008 (S Kp ¼ 29þ) and continued on
27 March 2008 (S Kp ¼ 34þ). The IMF Bz was almost
southward during both days, with fluctuations in the
northward direction. Both IMF Bz < 0 and Kp > 4
were favorable conditions for polar-patch occurrence
(e.g., Krankowski et al., 2006; Prikryl et al., 1999;Rodger et al., 1994). In the left-hand panel of
Fig. 11, the VTEC of the individual satellite passes for
PRN #6 and #16 are presented for the period from
1500 to 1800 UT, along with the quiet day (25 March
2008) TEC. TEC peaks enhanced by factor of five to
six (w3e8 TECU) can be observed along the indi-
vidual satellite paths, which signifie transits of polar-
cap patches. The duration of such patches was
10e30 min. Assuming a drift of the patches of around
600 m s1, the horizontal dimension of the patches was
around 360e1080 km, and they were located in the
region betweenw71 and 82 NMLat in the magnetic
evening and pre-midnight sectors. ROTI for
1600e1700 UT was around 1e2 TECU/5 min, sug-
gesting that moderate-intensity patches developed
during the storm. Loss of lock of the L2 signal
occurred for one satellite, PRN #6, around 2300 MLT
(see Fig. 11, top left-hand panel).
On 27 March, variations in the phase scintillation
were observed by most of the satellites from 0300 to
0700 UT (see Fig. 12). sf reached more than 0.7
radians around 0530 UT (w0840 MLT). Variations in
S4 were seen by most satellites, but at a level below the
threshold limit. A TEC increase by more than 3e8
TECU was observed relative to quiet-day conditions
during 0300e0800 UT (0500e0900 MLT) in the
vicinity of 69e73 NMLat along the satellite passes
of PRNs #21 and #24 (see the left-hand panel of
Fig. 13). Four to nine patches of around 3e15 min can
be observed along these satellite passes. ROTI fluctu-
ates between 0.5 andw1.7 TECU/5 min from 0330 to
0530 UT, suggesting that the intensities of the patches
were moderate in the morning polar-cap region (see
Fig. 13, right-hand panels).
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than 10 satellites (PRNs #3, 6, 13, 16, 18, 19, 21, 22,
24, 25, and 29) between 0300 and 0800 UT, one of
which is shown in the top left-hand panel of Fig. 13
(for PRN #21 at w0600 and 0800 MLT). A loss of
lock is more frequent for L2 than for the L1 signal.
This result is expected because the L2 signal has
a lower frequency than L1 (1227.6 versus
1575.42 MHz, respectively); therefore, the effects of
ionospheric disturbances are much greater for L2. Loss
of the L1 signal occurs mainly on quiet days near the
horizon (for lower elevation angles). Fig. 14 shows
examples of L1-signal loss of lock during the quiet day
on 24 March 2008 (S Kp ¼ 6).
Comparing the magnetic storms of 9 and 26e27
March 2008, it is evident that in the morning sector the
losses of locks occurred more frequently than in the
evening and pre-midnight sectors. By comparing the
positional errors during the quiet and disturbed periods,
it is clear that these errors increase during disturbed
periods (Fig. 15). During high solar activity, the
occurrence of irregularities and their intensity show an
increase at high latitudes and in the auroral region,
which may lead to large positional and navigational
errors.
5. Discussion and conclusion
Large-scale plasma irregularities in the F-region
ionosphere are produced near or equatorward of the
dayside auroral zone and convect across the polar cap.
At the point of entry, they are chopped off into patches
(Tsunoda, 1988; Valladares et al., 1994, and references
therein; Weber et al., 1984). During passage through
the cusp region (the morning sector of the auroral
region), small- to intermediate-scale irregularities (tens
of meters to tens of kilometers across) are generated by
the action of the gradient-drift-instability mechanism
(Chaturvedi and Huba, 1987; Tsunoda, 1988, and
references therein) and velocity-shear regions (Basu
et al., 1988). These patches are associated with scin-
tillations of satellite signals, which arise from the
scattering of radio waves off intermediate-scale irreg-
ularities (Weber et al., 1986).
Due to precipitation of both high-energy electrons in
the E layer and low-energy electrons in the F layer
(Kelley and Vickrey, 1982), irregularities in the polar
region exist in the form of large-scale patches of several
hundred kilometers in size. These patches move
predominantly anti-sunward across the polar region and
are associated with phase scintillation. Amplitude scin-
tillation at GPS frequencies represents an irregularityscale size of 100 m to kilometers. This suggests that
small- and intermediate-scale irregularities lasting from
a few to 30min were present in the auroral and polar-cap
regions. Since S4 was observed in a well-defined and
limited area at w76e78NMLat, this suggests that
small-scale irregularities are common features of the
high-latitude ionosphere. The development of these
irregularities may be due to various instability mecha-
nisms (Basu et al., 1988; Chaturvedi and Huba, 1987;
Tsunoda, 1988).
During magnetic storms, the amplitude scintillation
did not show any significant variations, while the
phase-scintillation values increased significantly. This
occurs because sf increases with both increasing dN/N
and the velocity, V km/s, of the irregularities. Since we
use sf, which is measured with a 60 s detrend filter, the
largest irregularity scalelength contributing to sf is
60 V km. In a power-law irregularity environment, the
PSD of 60 V km scalelength will be larger as V
increases (e.g., if under disturbed conditions,
V ¼ 1 km/s, the scalelength will be 60 km for phase
scintillation). In contrast, amplitude scintillation is
dictated by the Fresnel scale, which is approximately
400 m. Since the PSD at 40 km is much larger than
400 m, sf will also be much larger. This probably
explains why the occurrence of the PS index is much
larger than that of the AS index during magnetically
active days. The PS index is also significant in the
morning to evening sector (0600e2200 MLT), with
a maximum around w 2 h of magnetic noon. It
seems that during magnetic storms, large-scale irreg-
ularities develop, which are attributed to the large sf
values. As a result, the fading signal leads to a loss of
lock of the signal.
Observations at Ny-A˚lesund clearly show that during
disturbed magnetic conditions, the losses of lock of the
satellite signal occurred more frequently in the morning
than in evening and pre-midnight sectors. This result is
supported by the fact that phase scintillation is the
manifestation of polar patches and that they most likely
to occur when the IMF Bz is southward, or when Kp> 4
(Krankowski et al., 2006; Prikryl et al., 1999; Rodger
et al., 1994), which we observed during both storms
(on 9 and 26e27 March 2008). We also observed large
polar-cap patches of low to moderate intensity during
satellite passes in the morning and evening sectors. Four
to eight patches of enhanced TEC (w3e8 TECU) were
observed along a single satellite trajectory during
disturbed days, with varying intensities. AROTI value of
more than 0.5 TECU/5 min denotes the presence of
a large patch structure.The main outcomes of this work
are as follows:
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sensitive to phase scintillation than to amplitude
scintillation.
 Occurrence of S4 is confined to well-defined
regions (MLat w76e78N), while the occurrence
of sf shows a strong characterization both in MLat
(w71e78N) and MLT.
The diurnal variation of phase scintillation is
characterized by a higher occurrence during the
0900e1300, 1800e2000, and 2300e2400 MLT
sectors at Ny-A˚lesund. These observations are
similar to the results presented by Kersley et al.
(1995) and Li et al. (2010).
 Occurrence of amplitude and phase scintillation
increases during disturbed days compared with
quiet days.
 There is a displacement of scintillation regions
toward lower latitudes during disturbed days.
 The phase-scintillation region around magnetic
noon is mainly due to the cusp effect.
 It is confirmed that patches most likely to occur
when IMF Bz is southward and/or Kp > 4.
 A moderate-intensity polar patch of approxi-
mately 180e540 km in size was detected.
 Four to eight patches of enhanced TEC (w3e8
TECU) were observed along a single satellite
trajectory during disturbed days, with varying
intensities.
 Phase scintillations are manifestations of polar
patches.
 Loss of signal lock occurs more frequently for the
L2 signal than for L1 at high latitudes.
Overall, we find that the existence of polar patches
at high latitudes and in auroral regions is the major
source of scintillations and errors in GPS positioning
and navigation, even during low-solar-activity periods.
The situation will be even worse during high-solar-
activity periods, when polar patches are more frequent
and of greater intensity. Therefore, this work may be
helpful in the development of better forecasting tools
for GPS ionospheric-scintillation prediction.
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